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Introduction {#sec001}
============

Our environment undergoes daily fluctuations in solar illumination, temperature, and other parameters. Organisms across the phylogenetic tree are equipped with circadian clocks, which help predict daily environmental changes and create temporal patterns of behavioral and physiological processes in concordance with the environmental cycle. *Drosophila melanogaster* remains a powerful model to study this phenomenon ever since Konopka and Benzer identified the first clock gene, *period*, in this organism \[[@pgen.1008312.ref001]\].

*Drosophila* circadian clocks rely on transcriptional-translational feedback loops that operate using an evolutionarily conserved principle. In the main loop, CLOCK/CYCLE (CLK/CYC) heterodimers bind to the E-boxes in the promoter regions of the *period* (*per*) and *timeless* (*tim*) genes and activate their transcription. PER and TIM proteins undergo post-translational modifications and enter the nucleus to suppress their own production by inhibiting CLK/CYC activity. CLK/CYC also activates transcription of the genes encoding the basic-zipper regulators PAR DOMAIN PROTEIN 1 (PDP-1) and VRILLE (VRI), which activates and inhibits *Clk* gene expression, respectively. Thus, positive- and negative- feedback loops created by PDP-1 and VRI with CLK/CYC are interlocked with the main negative-feedback loop and ensure the generation of 24-h rhythms \[[@pgen.1008312.ref002], [@pgen.1008312.ref003]\].

In the fly brain, molecular clocks are present in ca.150 so-called clock neurons, which form the pacemaker circuit controlling circadian behavior. Clock neurons are classified into groups according to their morphological characteristics and location: small and large lateral ventral neurons (s- and l-LNvs), lateral dorsal neurons (LNds), lateral posterior neurons (LPNs) and three groups of dorsal neurons (DN1s, DN2s, DN3s) \[[@pgen.1008312.ref004], [@pgen.1008312.ref005]\]. Although all clock neurons express a common set of clock genes, they are heterogeneous in terms of neurotransmitter/neuropeptide phenotype, function, and composition of the molecular clock. Neuropeptide pigment-dispersing factor (PDF) is uniquely secreted from the l-LNvs and 4 out of 5 s-LNvs. Several other neuropeptides, including small neuropeptide F (sNPF) and ion transport peptide (ITP), and classical neurotransmitters such as glutamate and glycine, are also expressed across pacemaker circuit \[[@pgen.1008312.ref006], [@pgen.1008312.ref007]\]. PDF-positive s-LNvs are designated as the Morning (M) oscillator, whereas LNds together with the PDF-negative 5th s-LNv consist of the Evening (E) oscillator. Under the light-dark (LD) experimental conditions, the M and E oscillators drive the morning and evening anticipatory increments of locomotor activity, respectively. The M oscillator is also the master pacemaker of the free-running locomotor rhythms in constant darkness (DD) \[[@pgen.1008312.ref008]--[@pgen.1008312.ref011]\].

Neuropeptide PDF as well as the unique composition and regulatory mechanisms of the molecular clock underlie the distinct role of the M oscillator. The main negative-feedback loop of the M oscillator\'s molecular clock employs a specific phosphorylation program that regulates the nuclear translocation of PER/TIM complex \[[@pgen.1008312.ref012]\]. The nuclear receptor UNFULFILLED (UNF) is almost uniquely present in the lateral neurons within the circadian circuit \[[@pgen.1008312.ref013], [@pgen.1008312.ref014]\]. UNF accumulates rhythmically in the s-LNvs and, in cooperation with another nuclear receptor E75, enhances CLK-dependent *per* transcription. Thus, UNF and E75 consist a positive limb of an additional feedback loop in specific to the s-LNv molecular clock. Because UNF and E75 also play critical roles in the development of the s-LNvs, knockdown of either gene during development or adulthood results in low rhythmicity and extended period, respectively \[[@pgen.1008312.ref014], [@pgen.1008312.ref015]\].

Nuclear receptors (NRs) are a superfamily of proteins that function as ligand-dependent transcriptional regulators \[[@pgen.1008312.ref016]\]. The ligands are small lipophilic molecules that can diffuse across the cell membrane, such as thyroid and steroid hormones. In *Drosophila melanogaster*, only two lipophilic hormones, 20-hydroxyecdyson (20E) and the sesquiterpenoid juvenile hormone (JH) are known nuclear receptor ligands, which have critical roles in developmental processes, including molting, puparium formation, and neurogenesis \[[@pgen.1008312.ref016]--[@pgen.1008312.ref018]\]. Although many NRs remain orphan without a known ligand, diatomic gases---nitric oxide (NO) and carbon monoxide (CO)---can bind and regulate the activity of some NRs. Several studies have demonstrated *in vitro* and *in vivo* that NO binds to E75 and regulates its interaction with DHR3 \[[@pgen.1008312.ref019]\], SMRTER \[[@pgen.1008312.ref020]\], and UNF \[[@pgen.1008312.ref021]\] in different tissues during development. Thus, the binding of NO to E75 confers an important switching mechanism in various developmental processes.

NO is an unconventional messenger involved in numerous biological functions, including immune defense, respiration, intracellular signaling and neurotransmission \[[@pgen.1008312.ref022], [@pgen.1008312.ref023]\]. NO can act locally near the source of its production. It can diffuse across membranes and also act as a long-range signaling molecule \[[@pgen.1008312.ref022], [@pgen.1008312.ref024]\]. NO signaling is broadly classified into the classical pathway mediated by cGMP and cGMP-independent non-classical one involving diverse mechanisms such as posttranslational modifications and transcriptional regulations \[[@pgen.1008312.ref022], [@pgen.1008312.ref025]\]. In mammals, the importance of NO signaling in the light-dependent phase-resetting and maintenance of rhythmicity \[[@pgen.1008312.ref026]--[@pgen.1008312.ref028]\] is established. These effects were largely explained by the canonical NO/cGMP signaling \[[@pgen.1008312.ref029]--[@pgen.1008312.ref031]\]. However, whether NO has a regulatory role in *Drosophila* circadian behavior has never been addressed.

Here we explore the role of NO in circadian locomotor behavior of *Drosophila* using multiple genetic approaches. We present evidence that NO signaling is necessary for proper circadian locomotor behavior. NO can act cell-autonomously as well as non-cell-autonomously at multiple processes required for generating rhythmic behavior, including axonal morphogenesis, phasing of molecular clocks and output control. Furthermore, we identify the perineurial glia, one of the two glial subtypes that form the blood-brain barrier, as a source of NO that controls free-running locomotor output. Our results highlight the complexity of locomotor behavior regulation and oft-neglected importance of glia in the regulation of behavior.

Results {#sec002}
=======

*dNOS* deletion mutants show arrhythmic circadian behavior {#sec003}
----------------------------------------------------------

NO is chiefly produced by an enzyme nitric oxide synthase (NOS) through the conversion of arginine into citrulline using NADPH as a cofactor \[[@pgen.1008312.ref032], [@pgen.1008312.ref033]\]. Three distinct NOS isoforms (endothelial e-NOS, inducible i-NOS, and neuronal n-NOS) exist in mammals, whereas *Drosophila* has a single *NOS* (*dNOS*) gene that produces 10 splice variants ([S1 Fig](#pgen.1008312.s001){ref-type="supplementary-material"}) \[[@pgen.1008312.ref034]\]. Since NOS functions as homodimers, alternatively spliced variants, most of which encode truncated proteins, are proposed to act as dominant negatives \[[@pgen.1008312.ref035]\]. To investigate the possible roles of NO in fly circadian rhythms, we took advantage of two *NOS* CRISPR deletion mutants, *NOSΔall*, and *NOSΔter* \[[@pgen.1008312.ref021]\]. The former has a deletion of the entire NOS locus, while the latter is a partial deletion mutant lacking exons 1 to 6 but bears intact two uncharacterized genes within the *NOS* locus ([Fig 1A](#pgen.1008312.g001){ref-type="fig"}). RT-qPCR using the primers targeting the exons commonly included in all variants (exons 10 and 11) confirmed the absence of the full-length NOS1 mRNA expression in *NOSΔall* mutants ([Fig 1B](#pgen.1008312.g001){ref-type="fig"}) A reduced level of the product was detected in *NOSΔter* mutants, consistent with the location of the deletion. Furthermore, we directly measured NO production in cultured whole brains using a fluorescent dye DAR4-M \[[@pgen.1008312.ref036]\]. NO was virtually undetectable in both *NOSΔall* and *NOSΔter* strains in this assay, confirming that both are complete loss-of-function mutants ([Fig 1C](#pgen.1008312.g001){ref-type="fig"}).

![*NOSΔ* mutants do not produce nitric oxide.\
(A) *NOS* gene, and regions deleted in *NOS*Δall, *NOSΔter* and *NOS*^*Δ15*^ mutants. Two genes reside within the *NOS* locus. (B) mRNA levels of *NOSd1*, a full-length functional isoform of *NOS*, at ZT2 in the heads of *NOSΔall* and *Δter* mutants and *w*^*1118*^ were analyzed using qPCR. Mean values of three independent experiments ± SD are shown. *NOSd1* expression levels were significantly reduced in the mutants compared with *w*^*1118*^. \**p*\<0.05, *\*\**\**p*\<0.001 (One-way ANOVA with Dunnett's multiple comparisons test). (C) NO levels were measured using DAR4-M dye in the brain explants of *NOSΔall* and *Δter* mutants and *w*^*1118*^ for 4 h using timelapse microscopy. Each dot represents the DAR4-M fluorescence intensity of a single brain explant and the line indicate the mean in arbitrary unit (a.u.). n = 5--11 brains per group. Different time points within the group were compared using two-way ANOVA with Tukey's multiple comparisons test (*\*\*p*\<0.01).](pgen.1008312.g001){#pgen.1008312.g001}

Having validated the *NOS* CRISPR deletion mutants, we next tested their locomotor activities in LD and DD paradigms. Homozygous mutants had strongly reduced rhythmicity in DD. Trans-heterozygous of two deletion alleles was equally detrimental to DD rhythmicity, whereas heterozygous mutations had no effect on rhythmicity ([Table 1](#pgen.1008312.t001){ref-type="table"} and [Fig 2](#pgen.1008312.g002){ref-type="fig"}). Moreover, morning activity patterns in LD were strongly impaired in homozygous and trans-heterozygous mutants. In particular, the DD-arrhythmic flies lack both anticipatory increments of activity before lights-on ([Fig 2](#pgen.1008312.g002){ref-type="fig"}, right). Since two *NOS* CRISPR*Δ* mutants share a common genetic background, we also tested locomotor behavior of the well-characterized *NOS*^*Δ15*^ mutant produced by recombination between two piggyBac transposon insertions \[[@pgen.1008312.ref037]\] ([Fig 1A](#pgen.1008312.g001){ref-type="fig"}) and *NOS*^*Δ15*^ heterozygous with a chromosomal deficiency (*Df(2L)BSC230*) that deletes numerous genes including *NOS*. NOS enzymatic activity is completely disrupted in *NOS*^*Δ15*^ mutant \[[@pgen.1008312.ref037]\]. The locomotor behavior of *NOS*^*Δ15*^ homozygous and hemizygous mutants in DD was similar to those of *NOS* CRISPR deletion mutants, showing strongly reduced rhythmicity ([Table 1](#pgen.1008312.t001){ref-type="table"} and [Fig 2](#pgen.1008312.g002){ref-type="fig"}). LD behavior was also impaired in these mutants. Although the startle response to lights-on was present, *NOS*^*Δ15*^ homozygous and hemizygous mutants had reduced morning anticipatory activities. Taken together, these results demonstrate that *NOS* is required for normal circadian locomotor activity rhythms.

![*NOS* deletion impairs the circadian behavior in constant darkness.\
The locomotor activity of *w*^*1118*^, *Canton-S* and *NOS* homozygous, transheterozygous and hemizygous mutants in LD and DD. Left, group-average locomotor activity and mean waveforms of rhythmic flies. Right, representative actograms and periodgrams demonstrating arrhythmic locomotor activity of NOS mutant flies.](pgen.1008312.g002){#pgen.1008312.g002}

10.1371/journal.pgen.1008312.t001

###### Effects of NOS mutation, NOS knockdown, and macNOS overexpression on free-running locomotor rhythms.

The left-most column explains the types of experiments and where the drivers are expressed. *n*, number of flies. %R, % of rhythmic flies. CTR, control. Oxp, over-expression. KD, knockdown. OP, optic lobes. Mean periods and rhythmicity of the test groups were compared with those of control groups using Student's t-test and chi-square test, respectively. Mutants were compared with *Canton-S* and flies for knockdown and overexpression were compared with GAL4-only controls.

![](pgen.1008312.t001){#pgen.1008312.t001g}

                        Genotype                  Period ± SEM (hr)                                     Power ± SEM   n     %R
  --------------------- ------------------------- ----------------------------------------------------- ------------- ----- -------------------------------------------------
  **Mutants and CTR**   *w*^*1118*^               23.5±0.05                                             167.5±9.3     124   93.6
                        *Canton-S*                24.1±0.35                                             102.3±18.0    27    84.4
                        *NOSter/+*                23.7±0.04                                             217.7±10.5    127   91.3
                        *NOSter*                  23.2±0.2                                              84.3±29.0     105   21.0[\*\*\*](#t001fn003){ref-type="table-fn"}
                        *NOSall/+*                23.7±0.04                                             245.1±12.1    126   76.9
                        *NOSall*                  23.6±0.06                                             149.4±15.5    173   56.1[\*\*](#t001fn002){ref-type="table-fn"}
                        *NOSall/NOSter*           23.5±0.2                                              79.0±17.4     59    66.1
                        *NOSdelta15*              23.6±0.08                                             70.2±8.00     31    45.2[\*\*](#t001fn002){ref-type="table-fn"}
                        *NOSdelta15/+*            23.5±0.09                                             148.3±9.27    31    87.1
                        *Df/+*                    23.6±0.07                                             118.8±9.33    29    89.7
                        *NOSdelta15/Df*           24.0±0.05                                             101.5±9.57    32    65.6[\*](#t001fn001){ref-type="table-fn"}
  **macNOS oxp**        *macNOS/+*                23.4±0.05                                             59.4±2.1      89    85.4
  **LNvs**              *PDF\>macNOS*             24.5±0.15[\*\*\*](#t001fn003){ref-type="table-fn"}    51.7±6.1      25    76.6
  **s-LNVs**            *R6\>macNOS*              23.8±0.09                                             69.9±5.2      31    65.5[\*\*](#t001fn002){ref-type="table-fn"}
  **MB**                *D52H\>macNOS*            24.2±0.05                                             145.2±13.9    28    92.9
  **Clock neurons**     *tim\>macNOS*             24.7±0.1[\*\*\*\*](#t001fn004){ref-type="table-fn"}   61.3±6.3      30    36.7[\*\*\*\*](#t001fn004){ref-type="table-fn"}
  **Clock neurons**     *Clk1982\>macNOS*         23.9±0.05                                             85.5±7.6      30    76.7
  **OL**                *GMR33H10\>macNOS*        23.7±0.09                                             85.2±8.7      62    53.2[\*\*\*\*](#t001fn004){ref-type="table-fn"}
  **OL**                *GMR79D04\>macNOS*        23.9±0.09                                             43.3±4.9      63    28.6[\*\*\*\*](#t001fn004){ref-type="table-fn"}
  **OL**                *GMR85B12\>macNOS*        23.6±0.1                                              53.1±7.9      60    61.7[\*\*\*](#t001fn003){ref-type="table-fn"}
  **Glia**              *Repo\>macNOS*            23.5±0.05                                             98.2±5.0      28    29.8[\*\*\*\*](#t001fn004){ref-type="table-fn"}
  **Pan-neuronal**      *GMR57C10\>macNOS*        25.0±0.4[\*](#t001fn001){ref-type="table-fn"}         65.9±12.9     61    32.8[\*\*\*\*](#t001fn004){ref-type="table-fn"}
  **Pan-neuronal**      *Elav\>macNOS*            23.7±0.05                                             83.5±6.4      59    81.4
  **NOS KD**            *NOS-RNAi*^*27725*^*/+*   23.7±0.04                                             110.7±0.04    145   84.0
  **LNvs**              *Pdf\>NOS-RNAi*           24.4±0.03                                             184.1±13.9    26    100
  **s-LNVs**            *R6\>NOS-RNAi*            23.6±0.04                                             113.0±5.5     60    80
  **MB**                *D52H\>NOS-RNAi*          23.6±0.4                                              105.4±10.5    29    65.5[\*](#t001fn001){ref-type="table-fn"}
  **MB**                *OK107\>NOS-RNAi*         23.5±0.05                                             141.2±12.0    32    96.9
  **Photoreceptors**    *GMR\>NOS-RNAi*           23.6±0.06                                             200.1±12.3    60    95.2
  **Clock neurons**     *tim\>NOS-RNAi*           24.4±0.2                                              166.2±10.4    47    38.3[\*\*\*\*](#t001fn004){ref-type="table-fn"}
  **Clock neurons**     *Clk1982\>NOS-RNAi*       23.6±0.02                                             173.3±5.03    62    88.7
  **OL**                *GMR33H10\>NOS-RNAi*      23.5±0.03                                             164±7.1       32    96.9
  **OL**                *GMR79D04 \>NOS-RNAi*     25.1±0.2[\*\*](#t001fn002){ref-type="table-fn"}       105.2±7.9     59    61.0[\*\*](#t001fn002){ref-type="table-fn"}
  **OL**                *GMR85B12 \>NOS-RNAi*     23.6±0.03                                             121.3±6.9     44    70.5[\*\*](#t001fn002){ref-type="table-fn"}
  **Glia**              *Repo\>NOS-RNAi*          23.6±0.2                                              79.4±6.6      63    32.1[\*\*\*\*](#t001fn004){ref-type="table-fn"}
  **Pan-neuronal**      *GMR57C10\>NOS-RNAi*      26.2±0.2[\*\*\*\*](#t001fn004){ref-type="table-fn"}   121.2±8.2     60    55.0[\*\*](#t001fn002){ref-type="table-fn"}
  **Pan-neuronal**      *elav\>NOS-RNAi*          23.5±0.05                                             122.3±9.1     95    76.8
  **CTR**               *PDF/+*                   24.1±0.04                                             132.7±6.9     58    96.8
                        *R6/+*                    23.4±0.05                                             105.2±5.7     45    85.1
                        *D52H/+*                  23.9±0.04                                             177.3±8.3     10    90.5
                        *OK107/+*                 23.7±0.06                                             139.6±8.5     30    96.8
                        *GMR/+*                   23.6±0.03                                             187.5±6.1     28    93.3
                        *Tim/+*                   24.1±0.05                                             125.4±6.3     82    90.2
                        *Clk1982/+*               23.6±0.03                                             150.6±7.4     60    86.7
                        *GMR33H10/+*              23.1±0.05                                             144.9±6.2     60    85.0
                        *GMR79D04/+*              24.3±0.2                                              96.6±5.5      64    84.4
                        *GMR85B12/+*              23.5±0.04                                             128.5±6.9     91    89.0
                        *Repo/+*                  23.3±0.05                                             109.2±6.9     83    82.0
                        *GMR57C10/+*              24.2±0.2                                              117.9±4.9     60    78.3
                        *Elav/+*                  23.7±0.05                                             143.0±7.8     120   82.8
  **18°C -\>29°C**      *Repo\>NOS-RNAi*          24.1±0.5                                              47.2±7.3      21    47.6[\*](#t001fn001){ref-type="table-fn"}
  **Adult-only KD**     *GMR79D04\>NOS-RNAi*      24.7±0.3                                              93.1±8.3      28    75.0
                        *GMR57C10\>NOS-RNAi*      26.8±0.07[\*\*\*](#t001fn003){ref-type="table-fn"}    165.3±11.5    25    96.0
  **CTR**               *NOS-RNAi/Tub-Gal80ts*    25.6±0.3                                              89.2±6.5      29    79.3
                        *Repo/Tub-Gal80ts*        23.5±0.6                                              114.2±9.3     29    72.4
                        *GMR79D04/Tub-Gal80ts*    23.3±0.07                                             76.0±8.7      28    67.9
                        *GMR57C10/Tub-Gal80ts*    23.2±0.06                                             121.7±9.74    30    86.7

\**p* \< 0.05

\*\**p* \< 0.01

\*\*\* *p* \< 0.001

\*\*\*\*p\<0.0001.

NOS is a regulator of morphogenesis of the s-LNv axons {#sec004}
------------------------------------------------------

NO signaling plays critical roles in various developmental processes in the nervous system, including neurite patterning of the visual system and axon pruning/regrowth of mushroom body (MB) neurons \[[@pgen.1008312.ref019]--[@pgen.1008312.ref021], [@pgen.1008312.ref038], [@pgen.1008312.ref039]\]. Since low rhythmicity in DD and poor morning anticipation are indicative of the dysfunction of the s-LNvs, we sought to examine possible effects of *NOS* deficiency on the structure and function of the s-LNvs. To this end, we expressed a membrane-targeted yellow fluorescent protein mCD8::VENUS with the *gal1118-Gal4* driver and inspected s-LNv axonal morphology at two timepoints in LD. The levels and rhythms of PDF neuropeptide accumulation in the s-LNvs were also analyzed by immunohistochemically. Surprisingly, branching pattern of terminal neurites of the s-LNvs, which is normally orderly, was severely disturbed in *NOS* homozygous mutants ([Fig 3A](#pgen.1008312.g003){ref-type="fig"}). The neurites were extended in length and branching pattern was highly disordered and fuzzy, showing the tendency of axon misrouting. The quantification of the pixels covered by the axonal termini confirmed that s-LNv axonal arbors were overgrown in *NOS* mutants ([Fig 3C](#pgen.1008312.g003){ref-type="fig"}). Furthermore, PDF levels were increased and had no rhythms in the mutants ([Fig 3A and 3B](#pgen.1008312.g003){ref-type="fig"}). Of note, no statistical difference in axonal areas was detected between ZT2 and ZT14 both in the mutants and the control genotype ([Fig 3C](#pgen.1008312.g003){ref-type="fig"}). Thus, this quantification method was probably not sensitive enough to detect daily structural changes in this genetic background, although the same method successfully detected rhythmic changes in axonal structure in our previous study \[[@pgen.1008312.ref040]\]. Nevertheless, these observations suggest that NOS deficiency leads to defects in the morphology of s-LNvs dorsal projections and disturbances in the rhythms of PDF accumulation. The latter finding suggests that clocks in the s-LVs are arrhythmic or their downstream events are impaired.

![*NOS* deletion causes the malformation of the axons of the s-LNvs but does not affect their molecular clocks.\
(A) s-LNv axonal terminal projections and PDF neuropeptide in *NOS* mutants were visualized by expressing *mCD8*::*Venus* with *gal1118-GAL4* and staining with anti-GFP and anti-PDF antibodies at ZT2 and ZT14. The control is g*al1118 \> mCD8*:: *Venus* in *w*^*1118*^ background. Representative confocal images are shown. For visualization purposes only, the contrast of ZT14 magenta channel (PDF) is enhanced. Scale bar, 10 μm. (B and C) Quantifications of PDF levels in axonal arbor area (B) and the area of the terminal branches. Each dot represents the measurement from one hemisphere. Lines represent mean and SD. Differences across all groups were compared using one-way ANOVA with Brown-Forsythe and Welch test for multiple comparisons. Differences between groups were considered significant if *p*\<0.05 (*\*p*\<0.05, \*\**p*\<0.01, and \*\*\*\**p*\<0.0001). (D and E) PER levels in in the s-LNvs (D) and LNds (E) in the control and *NOSΔ* mutants were analyzed every 4 h on DD3 by immunostaining using anti-PER antisera. Values represent mean PER immunofluorescence intensity. Error bars, SEM. NOS deletion does not affect PER rhythms.](pgen.1008312.g003){#pgen.1008312.g003}

To assess whether molecular clocks are functional in *NOS* mutants, we performed around-the-clock immunostaining of a key clock component PER on the third day of constant darkness (DD3). Surprisingly, neither the phase nor the amplitude of the PER rhythms in the s-LNvs was altered in *NOS* mutants ([Fig 3D](#pgen.1008312.g003){ref-type="fig"}). Molecular clocks of the LNds also maintained high-amplitude 24-h rhythms in mutants ([Fig 3E](#pgen.1008312.g003){ref-type="fig"}). Therefore, the arrhythmic behavioral phenotype of *NOSΔ* mutants is uncoupled from the state of the molecular clocks and principally caused by the impaired clock output. The impairments in clock output may be due to the malformation of s-LNvs dorsal projections, which likely disrupt network communication to and from the s-LNvs, in addition to defects in possibly many other cells involved in locomotor output.

NO from diverse cellular groups can modulate the state of the molecular clocks and behavioral output {#sec005}
----------------------------------------------------------------------------------------------------

Whereas NOS is undoubtedly important for developmental processes, the fact that NO continues to be produced in the brains of adult flies ([Fig 1C](#pgen.1008312.g001){ref-type="fig"}) suggests that NO may also have an active role in the regulation of circadian rhythms. It was previously shown using an anti-NOS serum \[[@pgen.1008312.ref041]\] that NOS is expressed almost everywhere in the brain. However, since the anti-NOS serum does not distinguish various NOS isoforms, sites of NOS expression may not be identical to the loci of active NO production. Additionally, classical histochemical studies of NADPH diaphorase activity of NOS and soluble guanylate cyclase (sGC)/cGMP immunohistochemistry have suggested that NOS is active in sensory pathways including visual system, in memory circuits including the calyx of the mushroom body, in the central complex, and also in some glial cells \[[@pgen.1008312.ref032], [@pgen.1008312.ref039], [@pgen.1008312.ref042]--[@pgen.1008312.ref044]\]. Since these were all indirect assessments of NO production, we analyzed the localization of NO in the brain using the NO-specific fluorescent probe DAR4-M. DAR4-M staining showed distinct patterns of cell bodies and neurites in many areas. The signal intensity was particularly high within and around the central complex and in the optic lobe, with cell bodies arranged in concentric semicircles, reminiscent of the laminar and medulla glial cells \[[@pgen.1008312.ref045]\] ([Fig 4A](#pgen.1008312.g004){ref-type="fig"}). We also detected DAR4-M signal co-localized with surface glia marked by GFP driven with the pan-glial driver *Repo-GAL4* ([Fig 4B](#pgen.1008312.g004){ref-type="fig"}). These patterns were overall similar to those described for the localization of NADPH diaphorase activity and cGC/cGMP. In addition, since DAR4-M staining is not sensitive enough to assess daily variation of NO production, we examined the temporal expression pattern of the functional isoform *dNOS1* using qPCR. We found that mRNA of the *dNOS1* was rhythmically expressed in the fly head, peaking around ZT10 in LD ([Fig 4C](#pgen.1008312.g004){ref-type="fig"}), suggesting that overall NO levels in the brain may exhibit circadian variation at least in LD.

![NO production in the brain.\
(A) NO staining with DAR4-M showed an accumulation of NO in the medulla neuropil (Me), lobula (Lo), the central complex (CCX) and its surrounding area. Representative images of the brains of *w*^*1118*^ flies (left) and of *Pdf\>mCD8*::*GFP* flies (right) are shown. (B) DAR4-M staining colocalizes in the nuclei of surface glia in the brain marked with *Repo-GAL4\>GFP*. Left, a close-up of a single confocal z-plane focusing on the surface glia is shown. Right, a 3D reconstruction of 14 z-sections showing a frontal part of a brain, visualized from a ventral-lateral angle. Scale bar: 20 μm. (C) Relative expression of *dNOS1* isoform in the brain was measured by qPCR in 6 timepoints in LD. Data are shown as mean ± SEM. One-way ANOVA with Dunnett's multiple comparisons test showed significant differences across timepoints (*\*p*\<0.05, *\*\*p*\<0.01, *\*\*\*p*\<0.001). (D) Enrichment of the DAR4-M signal in the cell body of LNvs marked with *Pdf\>mCD8*::*GFP*. Arrowheads indicate l-LNvs and an arrow indicates a s-LNv. Scale bar, 20 μm. A representative confocal image taken at ZT0 is shown.](pgen.1008312.g004){#pgen.1008312.g004}

Interestingly, we detected a slight enrichment of DAR4-M fluorescence within the s-LNvs marked with *Pdf\>mCD8*::*GFP* ([Fig 4D](#pgen.1008312.g004){ref-type="fig"}). This was unexpected because previous transcriptome studies found very little or no *NOS* expression within the s-LNvs \[[@pgen.1008312.ref013], [@pgen.1008312.ref046], [@pgen.1008312.ref047]\]. This finding also suggests that NO produced elsewhere migrates to the s-LNvs. Within the s-LNvs, transcriptional regulation by E75 and UNF is a unique and important node of the molecular clockwork \[[@pgen.1008312.ref014], [@pgen.1008312.ref015]\]. Intriguingly, it was shown that heterodimerization of E75 and UNF is inhibited by NO *in vivo* and *in vitro* \[[@pgen.1008312.ref021]\]. Therefore, we asked whether the state of the molecular clocks can be modulated by increasing NO within the s-LNvs. To this end, we overexpressed a macrophage-derived constitutively active NOS (macNOS) under the UAS control \[[@pgen.1008312.ref019]\] using *Pdf-Gal4* and performed PER staining on DD3 every 4 h ([Fig 5A](#pgen.1008312.g005){ref-type="fig"}). The increase of NO within the PDF positive neurons was confirmed by DAR4-M staining ([S2 Fig](#pgen.1008312.s002){ref-type="supplementary-material"}). This manipulation lead to a delay of the PER induction phase by about 4 h without dampening the amplitude of PER rhythms. In contrast, PER levels and oscillations in the LNds and DN1s showed no change with the overexpression of macNOS in the LNvs ([Fig 5B](#pgen.1008312.g005){ref-type="fig"}).

![Hyperproduction of NO delays PER rhythms in the s-LNvs.\
PER in the brains of *PDF\>macNOS* and control flies carrying only *UAS-macNOS* were monitored every 4 h on DD3 by immunostaining with anti-PER and anti-PDF antibodies. (A) Representative confocal images of the s-LNvs (left) and PER levels in the s-LNvs (right). (B) PER levels in DN1s and LNds. Mean ± SEM. Red and black arrows in (A) point at the trough of PER rhythms in *Pdf* \> *macNOS* and control flies, respectively. PER rhythms in the s-LNvs are delayed by approximately 4 h in *PDF\>macNOS* flies.](pgen.1008312.g005){#pgen.1008312.g005}

*Pdf\>macNOS* flies had a slight extension of free-running period. Their circadian rhythmicity appeared slightly reduced but was not significantly different compared with the driver-only control. Because *Pdf-GAL4* is expressed in both s- and l-LNvs, these phenotypes may be a compound effect from both cell types. When we expressed macNOS under the s-LNv-specific *R6-Gal4* driver, we observed a reduction in rhythmicity but no differences in the period length ([Table 1](#pgen.1008312.t001){ref-type="table"}). Morning anticipation was blunted in *R6\>macNOS* but was apparently normal in *Pdf\>macNOS* flies, suggesting that the genetic background rather than macNOS expression in the s-LNvs affected the LD behavior ([S3 Fig](#pgen.1008312.s003){ref-type="supplementary-material"}). Therefore, the major behavioral consequence of forced NO production in the s-LNvs is a reduction in free-running rhythmicity. This is probably a consequence of the misalignment of molecular phases between the s-LNvs and other clock neurons ([Fig 5A and 5B](#pgen.1008312.g005){ref-type="fig"}).

The results of the DAR4-M staining and the finding that NO can regulate the state of the molecular clocks prompted us to investigate whether NO produced in specific cell types or brain area is important for normal circadian locomotor activity. Therefore, taking into account that NO can act both locally and remotely, we selected a set of GAL4 drivers and drove the expression of macNOS. Locomotor activity of these flies was assayed in standard LD-DD conditions.

As summarized in [Table 1](#pgen.1008312.t001){ref-type="table"}, we used two clock cell-specific drivers *Tim-GAL4* and *Clk1982-GAL4*; a mushroom body-specific driver *DH52-GAL4*; three generic optic lobe-specific drivers *GMR33H10-*, *GMR79D04-*, and *GMR85B12-GAL4* ([S1 Table](#pgen.1008312.s005){ref-type="supplementary-material"}); a glia-specific driver *Repo-GAL4*; and two pan-neuronal drivers *elav-GAL4* and *R57C10-GAL4*. Strikingly, all of them except *elav-GAL4* induced a reduction of rhythmicity when driving *UAS-macNOS*. This is probably because pan-neuronal *elav-GAL4* is a weaker driver than another pan-neuronal driver *R57C10*-*GAL4* \[[@pgen.1008312.ref048]\]. The reduction of rhythmicity was markedly dramatic with *Repo*, *tim* and optic lobe specific drivers. LD behavior was not obviously affected in any genotype ([S3 Fig](#pgen.1008312.s003){ref-type="supplementary-material"}). Collectively, these results indicate that overproduction of NO is generally disruptive to locomotor rhythms and suggest that the NO production and clearance should be tightly regulated.

To find cell types that natively produce and secrete NO and contribute to the control of locomotor rhythms, we next performed an opposite experiment. We expressed RNAi against NOS (VDRC \#27725) using a similar set of drivers and analyzed its effects on behavioral rhythms ([Table 1](#pgen.1008312.t001){ref-type="table"}). Consistent with the likely absence of NOS within the s-LNvs, NOS RNAi with *Pdf-GAL4* and *R6-GAL4* did not show any behavioral phenotype. NOS RNAi driven with a mushroom body driver *DH52-GAL4* caused a reduced rhythmicity, whereas *macNOS* expression with the same driver had no effect. Most of the other drivers that disrupted rhythms with *macNOS* expression also reduced behavioral rhythmicity with *NOS* RNAi. These include a pan-neuronal driver *R57C10-Gal4*, optic-lobe drivers *GMR79D040-Gal4* and *GMR85B12-Gal4*. The strongest effect was observed with *Repo-GAL4* and *tim-Gal4*, whereas there was no effect with *Clk1982-Gal4*. Since the expression of *Clk1982-Gal4* is relatively restricted to CLK-positive neurons, these results suggest TIM-positive glial cells as an important source of NO in the regulation of circadian locomotion. *Repo-Gal4* driving a second independent RNAi against NOS (TRiP \#50675) also reduced free-running rhythmicity (3% rhythmic, period 24.0 ± 0 h, n = 31). Another VDRC RNAi line (\#108433) had no effect on behavior with any driver, which is most likely due to an inefficient knockdown compared to the VDRC \#27725 line, judging from the NO staining intensity ([S4 Fig](#pgen.1008312.s004){ref-type="supplementary-material"}). LD behavior was differently affected by NOS knockdown with variety of drivers, such as an increase in nighttime activity and lack of the startle response to lights-off. However, all groups showed bimodal activity patterns ([S3 Fig](#pgen.1008312.s003){ref-type="supplementary-material"}). Altogether, the results of NOS gain- and loss-of-function mini screens indicate that NO produced in many different cell types, excluding pacemaker neurons, contribute to generating normal free-running locomotor rhythms.

NO produced in glia plays an active role in the regulation of locomotor output {#sec006}
------------------------------------------------------------------------------

Constitutive NOS knockdown may cause structural abnormalities in the brain that lead to the reduction of rhythmicity, as evidenced by the phenotypes of *NOSΔ* mutants (Figs [2](#pgen.1008312.g002){ref-type="fig"}, [3A and 3B](#pgen.1008312.g003){ref-type="fig"}). Therefore, to test if NOS is required for active maintenance of rhythmicity after eclosion, we performed the adult-specific knockdown of NOS using pan-neuronal, optic lobe specific and glial GAL4 drivers combined with the temperature-sensitive GAL4 repressor, GAL80^ts^ \[[@pgen.1008312.ref049]\] ([Table 1](#pgen.1008312.t001){ref-type="table"}). Glia-specific NOS knockdown caused a notably strong reduction of rhythmicity. In addition, NOS RNAi driven by the pan-neuronal *R57C10-Gal4* extended the free-running period. These results indicate an indispensable role of NO produced in glia for generating circadian locomotor output in adult flies, as well as an existence of a neuronal circuit through which NO signaling regulates the free-running period. PDF levels and rhythms in the s-LNvs were not altered by NOS knockdown with *Repo-GAL4* restricted to adulthood ([Fig 6A](#pgen.1008312.g006){ref-type="fig"}). The morphology of axonal arbors of the s-LNvs was also not affected by NOS knockdown in adult glia, judging from the distribution of PDF ([Fig 6A](#pgen.1008312.g006){ref-type="fig"}). These results suggest that glial NOS regulates locomotor rhythms by acting on the process downstream of the circadian pacemaker circuit.

![NO produced in the perineurial glia controls circadian locomotor output.\
(A) *NOS RNAi* was driven in glia only during adulthood with *Repo-GAL4*, *tub-GAL80ts* and a temperature shift from 18°C to 29°C after eclosion. Immunostaining with anti-PDF antibody performed at ZT2 and ZT14 showed that NOS RNAi in adult glia did not affect PDF levels and morphology of the s-LNvs projection patterns. Left, representative confocal images. For visualization purposes only, the contrast of ZT14 images is enhanced. Scale bar, 10 μm. Right, quantification of PDF signal intensity and the area covered by PDF signal within the axonal arbors. Values represent mean ± SD. \*\*\*\**p*\<0.0001 by one-way ANOVA with Brown-Forsythe and Welch test for multiple comparisons. The numbers of samples are shown in the columns. (B) Average locomotor activity of flies expressing NOS RNAi in perineurial glia (*85G01\>NOS RNAi*) and control flies. (n = 30--32 per group) (C) Group average locomotor activity in LD, averaged over 3 days. Rhythmic and arrhythmic flies were separately grouped. The percentage of rhythmic flies in each genotype is shown in [Table 2](#pgen.1008312.t002){ref-type="table"}. (D) Diagram of the perineurial glia and subperineurial glia that form the blood-brain barrier in the *Drosophila* adult brain. The perineurial glia contact and brace neighbors through fine extensions, covering the nervous system in a dense layer.](pgen.1008312.g006){#pgen.1008312.g006}

Glia are found throughout the nervous system and play diverse roles, including the maintenance of neurotransmitter and ionic homeostasis, maintenance of the blood-brain barrier, and serving as immune cells. Generic glial subtypes in *Drosophila* are identified as astrocyte-like, cortex, ensheathing, subperineurial and perineurial glia, and can be separately manipulated using specific GAL4 drivers \[[@pgen.1008312.ref045]\]. To examine whether NO produced in specific subtypes of glia regulates circadian locomotor behavior, we drove NOS RNAi with glial subtype-specific drivers and analyzed the locomotor behavior ([Table 2](#pgen.1008312.t002){ref-type="table"}). NOS knockdown in perineurial glia with the *GMR85G01* driver markedly reduced locomotor rhythmicity in DD, without affecting LD behavior ([Fig 6B and 6C](#pgen.1008312.g006){ref-type="fig"}). This phenotype is comparable to that caused by pan-glial NOS knockdown. NOS knockdown with four other drivers resulted in a slight change in period without deteriorating rhythm strength. We therefore conclude that the perineurial glia is the major site of NOS activity that regulates locomotor output. Our DAR4-M staining of NO in surface glia supports this finding ([Fig 4B](#pgen.1008312.g004){ref-type="fig"}). Additionally, a previous transcriptome study has demonstrated the expression of the *NOS* gene within surface glia \[[@pgen.1008312.ref050]\], further supporting our results. The perineurial glia form the outer layer of the blood-brain barrier, the structure crucial for chemoprotection and selective transport of nutrients ([Fig 6D](#pgen.1008312.g006){ref-type="fig"}) \[[@pgen.1008312.ref051]\]. Since perineurial glia contain circadian clocks \[[@pgen.1008312.ref052]\], these results are congruent with the arrhythmic behavior caused by NOS knockdown with *Tim-GAL4* ([Table 1](#pgen.1008312.t001){ref-type="table"}).

10.1371/journal.pgen.1008312.t002

###### Effect of NOS knockdown in glial subpopulations on free-running locomotor rhythms.

The left-most column indicates the expression of drivers are expressed. *n*, number of flies. %R, % of rhythmic flies. Mean periods and rhythmicity of the test groups were compared with those of GAL4-only controls using Student's t-test and chi-square test, respectively.

![](pgen.1008312.t002){#pgen.1008312.t002g}

                       Genotype                  Period ± SEM (hr)                                      Power ± SEM   n    %R
  -------------------- ------------------------- ------------------------------------------------------ ------------- ---- -----------------------------------------------
  **UAS-Control**      *NOS-RNAi*^*27725*^*/+*   23.6±0.03                                              168.7±10.72   32   100
  **Astrocyte-Like**   *GMR55B03/+*              23.2±0.06                                              124.5±8.00    31   87.1
                       *GMR86E01/+*              23.6±0.14                                              98.7±6.9      32   84.4
                       *alrm/+*                  23.9±0.09                                              107.2±11.79   23   91.3
                       *GMR55B03\>NOS-RNAi*      23.4±0.05[\*](#t002fn001){ref-type="table-fn"}         177.0±9.17    31   100
                       *GMR86E01\>NOS-RNAi*      23.7±0.04                                              130.1±9.78    31   93.5
                       *alrm\>NOS-RNAi*          24.3±0.06[\*\*\*](#t002fn003){ref-type="table-fn"}     155.3±10.71   23   100
  **Ensheathing**      *GMR56F03/+*              23.4±0.05                                              80.8±8.44     30   80
                       *GMR75H03/+*              23.4±0.05                                              143.0±10.32   32   90.6
                       *GMR56F03\>NOS-RNAi*      23.6±0.03[\*\*](#t002fn002){ref-type="table-fn"}       116.8±9.92    32   75
                       *GMR75H03\>NOS-RNAi*      23.5±0.04                                              175.8±10.73   32   100
  **Perineurial**      *GMR85G01/+*              23.3±0.06                                              92.5±10.37    31   83.9
                       *GMR85G01\>NOS-RNAi*      24.2±0.09[\*\*\*\*](#t002fn004){ref-type="table-fn"}   58.8±5.47     30   30[\*\*\*\*](#t002fn004){ref-type="table-fn"}
  **Subperineurial**   *GMR54C07/+*              23.3±0.05                                              164.2±10.32   31   96.8
                       *GMR54C07\>NOS-RNAi*      24.0±0.06[\*\*\*\*](#t002fn004){ref-type="table-fn"}   153.4±11.95   32   96.9
  **Cortex**           *GMR53B07/+*              23.6±0.06                                              107.9±5.74    31   80.6
                       *GMR54H02/+*              23.4±0.04                                              120.3±11.31   29   93.1
                       *GMR46H12/+*              23.6±0.06                                              172.4±11.52   29   96.6
                       *GMR53B07\>NOS-RNAi*      23.6±0.04                                              156.2±11.09   31   90.3
                       *GMR54H02\>NOS-RNAi*      23.5±0.05                                              165.2±12.51   30   90.0
                       *GMR46H12\>NOS-RNAi*      23.7±0.05                                              240.6±6.76    30   100

\**p* \< 0.05

\*\**p* \< 0.01

\*\*\* *p* \< 0.001

\*\*\*\*p\<0.0001.

Discussion {#sec007}
==========

Gaseous signaling molecules play important roles in a myriad of biological processes, including circadian rhythms in mammals. Here we investigated the possible involvement of NO in *Drosophila* circadian rhythms. Our results overall suggest that NO exerts temporarily and spatially diverse effects on the *Drosophila* circadian system.

It is rather surprising that the lack of NOS enzyme is not lethal \[[@pgen.1008312.ref037]\] as NO is part of various developmental processes \[[@pgen.1008312.ref019]--[@pgen.1008312.ref021], [@pgen.1008312.ref039], [@pgen.1008312.ref053]\]. *NOSΔ* mutants are nonetheless strongly arrhythmic in DD and have reduced morning anticipation in LD. Our data suggest that both congenital impairments and lack of NO signaling in adulthood contribute to the behavioral phenotype of the mutants. Axonal terminals of the master pacemaker, s-LNvs, in NOS mutants are profoundly disordered, suggesting the wrong or absent synaptic connections with the downstream partners. However, molecular rhythms in the pacemaker neurons are unaffected. During adulthood, NOS activity in the perineurial glia is required for producing free-running locomotor rhythms but not for maintaining PDF rhythms and structure of the s-LNvs. This finding indicates that NO produced in the perineurial glia is necessary for proper the functioning of circadian locomotor output circuits. Taken together, these results demonstrate that NO signaling is essential for establishing and controlling circadian output circuit.

The functional isoform *dNOS1* shows a circadian variation of its RNA levels throughout the day, which suggest that levels of NO could cycle at least in LD. However, *dNOS* is likely to be regulated by its truncated isoforms in a stage- and cell-type-specific manner, which lays an additional complexity to the regulation of NO production and probably leads to the heterogeneous and context-specific variations of NO. Hyperproduction of NO modulates molecular clockwork, albeit modestly, and is generally detrimental to locomotor rhythms. Therefore, the level and potentially the rhythms of NO production should be tightly controlled in wild-type flies.

In our *NOS RNAi* mini screen, two optic lobe-specific drivers, *GMR79D04* and *GMR85B12*, reduced locomotor rhythmicity in DD. This phenotype was observed when NOS was downregulated constitutively in these cells but not when knockdown was restricted to adulthood. These results reinforce the idea that NO is necessary for a proper establishment of neuronal circuits. A low rhythmicity phenotype caused by NOS knockdown with the pan-neuronal driver *GMR57C10-GAL4* is congruent with the above findings. Intriguingly, however, in addition to the low rhythmicity, *GMR57C10 \> NOS RNAi* in adulthood resulted in an extended period. What might be the neuronal subsets that produce NO and regulate period length of locomotor activity? A recent study by the group of Y. Aso and G. Rubin \[[@pgen.1008312.ref054]\], has shown that NO acts as a co-transmitter in a subset of dopaminergic neurons, specifically in some of the PAMs, PPL1s and PPL2abs. It is thus possible that dopamine signaling modulated by NO is involved in the control of the locomotor activity period. It is also noteworthy that NO-mediated signaling has a profound neuromodulatory effect on spinal motor networks and regulates frequency and amplitude of motor activity in various vertebrate species \[[@pgen.1008312.ref055]--[@pgen.1008312.ref057]\]. NO-mediated regulation of circadian locomotor output in flies might involve a similar mechanism.

Our DAR4-M staining showed an enrichment of NO in glial cells, including the surface glia. Targeting glial cells leads to the strongest and most persistent phenotype in locomotor activity both for gain- and loss-of-function of NOS. Among glial subpopulations, the perineurial glia appears to be the major site of NOS activity that regulates locomotor rhythms. The importance of glia in circadian rhythms have been recognized, especially those containing the molecular clocks and exert reciprocal communication with the pacemaker neural circuit \[[@pgen.1008312.ref058]--[@pgen.1008312.ref060]\]. It has been shown that the perineurial glial cells harbor molecular clocks, which drive daily rhythms in the blood-brain barrier permeability but are not required for locomotor activity rhythms \[[@pgen.1008312.ref052]\]. Our study is the first to identify NO as a signaling molecule produced in glia and mediates part of the role of glia, independently of their molecular clocks, in *Drosophila* circadian rhythms.

It has been shown that in mammals NO mediates light-induced phase-shifts through the cGMP pathway \[[@pgen.1008312.ref029]\]. It is an interesting parallel to note that forced production of NO in the s-LNvs caused phase shift rather than amplitude dampening. Since high levels of NO inhibit E75/UNF dimerization \[[@pgen.1008312.ref021]\] and E75/UNF normally enhances *per* transcription \[[@pgen.1008312.ref015]\], we speculate that NO-induced phase-shift may be partly mediated by the inhibition of E75/UNF heterodimerization. It will be interesting to test this hypothesis in future studies. Mammalian clocks contain E75 homologs REV-ERB α/β, which repress *Bmal1* transcription. Analogous to the notion in flies, NO is thought to decrease REV-ERB α/β activity. Consistently, *in vitro* studies in mammalian cell culture showed that excessive presence of NO increases the production of *Bmal1* mRNA\[[@pgen.1008312.ref061]\]. These findings altogether point out that NO is an evolutionarily conserved regulator of circadian rhythms.

In line with recent studies \[[@pgen.1008312.ref007], [@pgen.1008312.ref062]\], our research expands the view on the factors that participate in neuronal and molecular mechanisms of circadian rhythmicity. The finding that gaseous messenger NO contributes to the various aspects of circadian rhythmicity emphasizes that non-cell-autonomous, systemic regulation is integral to the circadian circuit operation. Our results set a foundation for future studies addressing the mechanism by which NO signaling modulates the state of the pacemaker circuit and its output.

Materials and methods {#sec008}
=====================

Fly rearing, crosses, and strains {#sec009}
---------------------------------

*Drosophila* were reared at 25°C on a corn-meal medium under 12 hr:12 hr light-dark (LD) cycles. Two CRISPR deletion mutants *NOSΔter*, *NOSΔall* were kindly provided by O. Schuldiner \[[@pgen.1008312.ref021]\]. The *UAS-macNOS* line was originally generated by H. Krause \[[@pgen.1008312.ref019]\] and provided also by O. Schuldiner. The drivers *GMR57C10*, *GMR79D04*, *GMR85B12*, *GMR33H10*, *GMR55B03*, *GMR86E01*, *alrm-GAL4*, *GMR56F03*, *GMR75H03*, *GMR85G01*, *GMR54C07*, *GMR53B07*, *GMR54H02*, *GMR46H12* \[[@pgen.1008312.ref063]\], deficiency stock *Df(2L)BSC230*, and *UAS-NOS-RNAi*^*56675*^ were obtained from Bloomington Stock Center (Indiana, US). The UAS lines *NOS-RNAi*^*27725*^ and *NOS-RNAi*^*108433*^ were obtained from the Vienna *Drosophila* Resource Centre (VDRC). The *Clk1982-Gal4* line was provided by N.R. Glossop \[[@pgen.1008312.ref064]\]. The lines *Pdf-Gal4* \[[@pgen.1008312.ref065]\], *Repo-Gal4* \[[@pgen.1008312.ref066]\], *OK107-Gal4* \[[@pgen.1008312.ref067]\], *D52H-Gal4* \[[@pgen.1008312.ref068]\], *GMR-Gal4* \[[@pgen.1008312.ref069]\], *Elav-Gal4* \[[@pgen.1008312.ref070]\], and *R6-Gal4* \[[@pgen.1008312.ref071]\] were described previously. *NOS*^*Δ15*^ was a gift from P. O'Farrell \[[@pgen.1008312.ref037]\].

Behavioral assays {#sec010}
-----------------

The locomotor behavior assay was performed as described previously \[[@pgen.1008312.ref014]\] and data were analyzed using FaasX software \[[@pgen.1008312.ref072]\]. Briefly, male flies were first entrained in 12 h/12 h LD cycles for 4 days and then released in DD for 7--10 days. The flies with power over 20 and width over 2.5h according to the χ2 periodogram analysis were defined as rhythmic. The significance threshold was set to 5%. The χ2 test was used to compare the rhythmicity of the flies, and the Student's *t* test (2-tailed) was used to compare the free-running period. One to four independent experiments were performed for each genotype.

Immunocytochemistry, microscopy and quantification {#sec011}
--------------------------------------------------

The brains were imaged using a Leica SP5 confocal microscope. At least 10 brain hemispheres were subjected to analysis using Image J software (National Institutes of Health). The anti-PER signal was quantified as previously described \[[@pgen.1008312.ref014]\]. Axonal branching patterns of s-LNvs and PDF levels were quantified as previously described \[[@pgen.1008312.ref040]\].

Nitric oxide visualization and measurements {#sec012}
-------------------------------------------

NO visualization was performed as described in \[[@pgen.1008312.ref021]\] with minor modifications. Brains were dissected in PBS and incubated with 10μM Diaminorhodamine-4M AM (DAR-4M, Sigma-Aldrich) in PBS for 1 h at RT, followed by the fixation for 15 min in PBS containing 4% paraformaldehyde. Immediately after the fixation brains were mounted and imaged. For NO measurements at different times of the day, the procedure was exactly the same with the omission of the fixation step. Long-term NO measurement in *ex-vivo* brain culture was performed as described in \[[@pgen.1008312.ref073]\]. Briefly, brains were dissected on an ice-cold plate in modified Schneider\'s medium (SMactive) \[[@pgen.1008312.ref074]\] with an addition of 5 mM Bis-Tris (Sigma) and then mounted on a glass-bottom dish (35 mm MatTek petri dish, 20 mm microwell with 0.16/0.19 mm coverglass). The glass-bottom well was filled with the SMactive medium with 10 μM DAR-4M. Time-lapse imaging was performed at 25°C and 80%, with images acquired every hour.

RNA analysis {#sec013}
------------

Total RNA was isolated from adult fly heads using Trizol (Invitrogen) following the manufacturer's protocol. The RNA was reverse-transcribed using oligo(dT) primers, and the resulting cDNAs were quantified using real-time qPCR as previously described \[[@pgen.1008312.ref047]\]. The mRNA levels of *dNOS1* were normalized to those of *elongation factor 1 (Ef1)*.

Supporting information {#sec014}
======================

###### NOS splice isoforms.

*dNOS1* and presumably *dNOS8* encode functional complete enzyme. The rest isoforms lead to a truncated enzyme. Information is taken from \[[@pgen.1008312.ref034]\]. *dNOS1*-specific primers used are (F) GGC GAG CTT TTC TCC CAG GA, and (R) GAC GAG CCA ATG CTG GAG TC, indicated in red.

(EPS)

###### 

Click here for additional data file.

###### Upregulation of NO upon macNOS overexpression.

DAR4-M staining of brain expressing *macNOS* in *Pdf-Gal4*. Left, Representative confocal images. Right, comparison of DAR4-M fluorescent levels of a single representative WT and *Pdf* \> *macNOS* brains within the region of s-LNvs.

(EPS)

###### 

Click here for additional data file.

###### Manipulation of the *NOS* gene does not affect LD locomotor behavior.

Group average locomotor activity of macNOS or NOS-RNAi^27725^ expressed with indicated drivers. 4 days of LD are shown.

(TIF)

###### 

Click here for additional data file.

###### NOS-RNAi efficiency comparison.

NO levels in the brains of flies expressing *NOS-RNAi*^*27725*^ or *NOS-RNAi*^*108433*^ with *Elav-GAL4* were measured using DAR4-M staining. Fluorescence levels were quantified broadly in the region of the central brain, approximately in the area of the central complex. RNAi line 27725 induces a significant reduction of DAR4-M signal. *\*\*p*\<0.01 (Student's test).

(EPS)

###### 

Click here for additional data file.

###### Optic lobe-specific drivers.

Distribution and intensity of the tested generic optic lobe (OL)-specific drivers, taken from Janelia Fly Light project. Original characterization was based on the GFP expression. Expression of all three OL-specific drivers are enriched in the OL. Expression outside the OL is weak and occasional.

(DOCX)

###### 

Click here for additional data file.
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2\) Is the morning peak of activity also eliminated or reduced with RNAi?

3\) The complete deletion results in 50% of flies being arrhythmic, while the rhythmic flies seem quite normal based on power. Are the average activity plots an average of both rhythmic an arrythmic flies? What happens to the morning anticipation if the rhythmic and arrythmic flies are separated? Is it completely missing in arrhythmic flies, but present in rhythmic flies? Does this correlate with the severity of the defect in synaptic projections? It would be worth staining brains of rhythmic and arrhythmic flies to see if there is a correlation with the severity of the sLNv projection defects.

4\) There is clear defect in the sLNv projections, but I have a hard time seeing the rhythms in projection complexity in the control flies (fig3). Quantifications would be helpful here. Also, length was measured, but is thickness also affected. Number of branches?

5\) I presume that on figure3A pdf-gal4 was used, as in figure S2. This should be indicated. But what are the more or less circular structures seen in the nos mutants, particularly in nos-ter? Some are quite big. Again, it seems overall severity of the phenotype is more severe in nos-ter than nos-all. This correlates with behavior phenotypes, but not with the severity of the genetic lesion.

6\) The model that NOS would work through UNF/E75 is very interesting. Could it be tested through genetic epistasis, or with double heterozygotes? Or is there a reporter for UNF/E75 that could be used in sLNvs?

7\) That the UNF-RNAi and nos mutant projections phenotypes are similar is not obvious to me. The projection lengths in UNF RNAi appear shorter than control, while in nos mutants they are longer. Moreover, it seems the projections are thinner and less structured in nos mutant than UNF. Perhaps this is reflecting the quality of the staining in the two experiments, but again, some form of quantification would be important.

8\) Lines 221-223 are not very clear, but after reading lines 331-332 in the discussion, I see what the authors meant. However, if UNF/E75 increase per transcription, and if overexpression of NOS increases UNF/E75 dimerization, is this not supposed to advance PER accumulation and shorten period, rather than delaying PER accumulation? Increased per transcription leads to short period (Kadener 2008), and the senior author\'s group showed that losses of UNF or E75 in adult lengthen period. Therefore, the NOS overexpression phenotype does not seem to fit well with the idea that it works though UNF/E75. As mentioned above, it would be important to gather additional support for this idea.

9\) I would suggest adding the timGAL4/repoGAL80 combination to the RNAi and overexpression studies.

10\) Why does pan-neuronal RNAi cause a long period phenotype, but not the complete knock-out? Could this be an off-target effect? A possible way to check this is to perform the RNAi experiment in a nos null background. There should be no period lengthening there. A second RNAi line would be an alternative.

Minor:

1\) Line 233-234: Is molecular cycle phase in the sLNvs really misaligned with the rest of the circadian neural network? This would be interesting to know

2\) Nos mRNA rhythms should be tested under DD too.

3\) Is there a reference to support the idea that the R57C10 driver is stronger than elaV (line 244-45)?

4\) In the adult specific knock-out, the GMR84B12 control was very arrhythmic, so the level of arrhythmicity in the RNAi cross is not meaningful. It might be best to remove these flies from the table.

5\) Figure 2B, legend. A graph is shown, not an histogram as indicated in the legend.

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: Comments to Kozlov and Nagoshi.

The manuscript by Kozlov and Nagoshi describes the involvement of the signaling molecule nitric oxide (NO) in the fly brain, and particularly, its relevance to different outputs of the small LNvs. The authors characterize rhythmic locomotor activity and structural plasticity in two deletion mutants and propose that the structural aberrations trigger the behavioral phenotypes without affecting the molecular clock. Such effects appeared not to be cell-autonomous, and the authors set out to look for the source of the NO signal through Gal4 directed overexpression of a constitutive version of the NO synthase or RNAi-mediated downregulation. As the authors recognize in the text, NO plays a role within the mammalian SCN, and it would be interesting to investigate its relevance to the Drosophila circadian network further. However, despite the inherent difficulty of analyzing the impact of a diffusible signal in vivo, there are several interpretations that need to be toned down and further confirmed.

Specific comments.

In Figure 1, panels B and C. Statistical comparisons of 3 genotypes -even if carried out pairwise- cannot be performed by a Student´s t test. Please revise the statistical analysis throughout the manuscript.

Figure 3. Panel A. Both mutants show aberrant projections; however, despite both are loss of function alleles the phenotypes vary a great deal: in addition to some miss-routing of specific terminals and the presence of secondary or tertiary neurites, the integrity of the membrane itself appears damaged, particularly so in the representative examples shown for NOS(delta)all. Is there any explanation to such a difference when both mutations apparently give rise to a similar reduction (Fig. 1C)? Also, have the authors quantitate PDF levels in those samples? That would be an important control to establish the link between the morphology of the terminals and rhythmic behavior.

Likewise, the authors mention that loss of NO signaling during development could affect the correct wiring and thus be responsible for the defective behavior, but this possibility was not tested (Given the relevance of this claim to the take home message perhaps it should be).

Another interesting observation is described in Fig 2. In terms of the behavioral phenotypes, aside from the startle effect Panel B shows that mutants mostly lack the anticipatory activity to lights off (the evening peak), as opposed to lights on. How can this be reconciled with a defective output of the neurons controlling the M peak? Please explain.

The authors test whether the transcription factor UNF would be involved in the defective NO response that triggers the structural defects; however chronic expression of UNF RNAi in the LNvs gives rise to highly arborized terminals, this phenotype does not resemble at all the ones described in the mutant. How can this be reconciled? Additional, more specific, comments are included below.

If PDF neurons do not express NOS (according to Table I), how relevant is that macnos expression triggers a clear phenotype in the molecular clock (Fig 4D)? Could this be an indirect effect of affecting PDF levels? How do the arborizations look under these conditions?

To identify potential sites of NO production macNos OX and Nos KD was attempted in different groups of cells. Interestingly, they found that both treatments trigger a behavioral phenotype when expressed under a panglial promoter (Repo), a pancircadian promoter (tim), as well as a panneuronal one (GMR57C10). How can this be explained? In addition, immunohistochemistry should be performed --ideally in chronic and adult- specific fashion) to corroborate the link between the behavioral phenotypes and the complexity of the sLNv projections.

There is room for improvement in figure legends (all, in the main text as well as the supplementary one) and in the figures themselves. Figure legends do not provide critical information to assess the experiments; labeling within the figures is also scarce.

Additional comments.

Fig. 1 panel C. The y axis is such that the curves describing DARM staining in both mutants is difficult to see. Could that initial segment be expanded?

Legend to Supp Table I. Page 24, line 661, please revise ....¨in compare with¨

Figure 2. In panel A, mutant activity profiles are compared to w1118 control, while in panel B are compared to CS. What is the genetic background of these mutants? Please clarify or include the proper genetic controls. There are several phenotypes associated to the knock-down NOS alleles, a reduced startle effect to lights on/off, a decreased evening anticipation, and even reduced overall activity. Shouldn´t some of the phenotypes (i.e. quantitation) be included in this main figure?

The grey shading is missing in the first day, before lights on.

Fig 2 legend. N is usually employed to refer to the number of experiments performed, and n to the number of animals tested. I would suggest changing to lowercase, and describe in the legend how many experiments were carried out in each case.

Supplementary Fig 2. The figure includes ¨representative images¨ at ZT2, presumably from 3 independent animals, which should be detailed in the figure legend. Also, is it possible that the labels are mistaken? The ¨control¨-labeled ones clearly do not look normal projections at ZT2. The authors could do a better job at describing the terminals (complexity/degree of arborization using Sholl analysis or the Image J plug in; the length of principal neurites, etc).

Figure 4, panel C. The image shows a single LNv stained for DAR4M above background. Was this always the case (a single small LNv/hemisphere)? That would indeed be interesting, as not too many differences within the cluster have been described. At what timepoint was the staining performed? Panel D, left. Please include labels indicating the times each image refers to.

Reviewer \#2: This study is aimed at understanding the role for Nitric Oxide Synthase (NOS) in the control of circadian behavioral rhythms in Drosophila. Partial loss of rhythmicity is observed with both mutants tested, and with RNAi driven by different GAL4 drivers. The authors propose that glia is a likely important source of NO. This would establish a novel role for glia in the regulation of circadian behavior. Interestingly also, dorsal projections of the sLNvs, the main circadian pacemaker neurons, are defective in NOS mutants, and this might explain the partial loss of rhythmicity. Overall, this study is innovative, but the authors need to better support their claims. For example, it would be important to make sure that the phenotypes indeed map to the nos gene. Also, the model that NO would work through E75/UNF is very exciting, but direct evidence is lacking.

Major comments:

1\) I am puzzled by the fact that the complete deletion of the nos gene has a significantly weaker phenotype than the partial deletion, both in LD and DD. Why is it so? Is the partial deletion predicted to eliminate all NOS isoforms? If so, the two alleles should behave similarly. Could genetic background be an issue? I presume both mutants were generated from the same genetic background, so the absence of complementation in nos-ter/nos-all flies could be the result of a secondary mutation. Unfortunately, rescue with the GAL4/UAS system is not an option since overexpression causes arrhythmicity as well. Thus, I would suggest to validate the observations with backcrossing (unless this was actually done) and by crossing the mutants to deficiencies to map the phenotype to the chromosomal region of NOS.

2\) Is the morning peak of activity also eliminated or reduced with RNAi?

3\) The complete deletion results in 50% of flies being arrhythmic, while the rhythmic flies seem quite normal based on power. Are the average activity plots an average of both rhythmic an arrythmic flies? What happens to the morning anticipation if the rhythmic and arrythmic flies are separated? Is it completely missing in arrhythmic flies, but present in rhythmic flies? Does this correlate with the severity of the defect in synaptic projections? It would be worth staining brains of rhythmic and arrhythmic flies to see if there is a correlation with the severity of the sLNv projection defects.

4\) There is clear defect in the sLNv projections, but I have a hard time seeing the rhythms in projection complexity in the control flies (fig3). Quantifications would be helpful here. Also, length was measured, but is thickness also affected. Number of branches?

5\) I presume that on figure3A pdf-gal4 was used, as in figure S2. This should be indicated. But what are the more or less circular structures seen in the nos mutants, particularly in nos-ter? Some are quite big. Again, it seems overall severity of the phenotype is more severe in nos-ter than nos-all. This correlates with behavior phenotypes, but not with the severity of the genetic lesion.

6\) The model that NOS would work through UNF/E75 is very interesting. Could it be tested through genetic epistasis, or with double heterozygotes? Or is there a reporter for UNF/E75 that could be used in sLNvs?

7\) That the UNF-RNAi and nos mutant projections phenotypes are similar is not obvious to me. The projection lengths in UNF RNAi appear shorter than control, while in nos mutants they are longer. Moreover, it seems the projections are thinner and less structured in nos mutant than UNF. Perhaps this is reflecting the quality of the staining in the two experiments, but again, some form of quantification would be important.

8\) Lines 221-223 are not very clear, but after reading lines 331-332 in the discussion, I see what the authors meant. However, if UNF/E75 increase per transcription, and if overexpression of NOS increases UNF/E75 dimerization, is this not supposed to advance PER accumulation and shorten period, rather than delaying PER accumulation? Increased per transcription leads to short period (Kadener 2008), and the senior author's group showed that losses of UNF or E75 in adult lengthen period. Therefore, the NOS overexpression phenotype does not seem to fit well with the idea that it works though UNF/E75. As mentioned above, it would be important to gather additional support for this idea.

9\) I would suggest adding the timGAL4/repoGAL80 combination to the RNAi and overexpression studies.

10\) Why does pan-neuronal RNAi cause a long period phenotype, but not the complete knock-out? Could this be an off-target effect? A possible way to check this is to perform the RNAi experiment in a nos null background. There should be no period lengthening there. A second RNAi line would be an alternative.

Minor:

1\) Line 233-234: Is molecular cycle phase in the sLNvs really misaligned with the rest of the circadian neural network? This would be interesting to know

2\) Nos mRNA rhythms should be tested under DD too.

3\) Is there a reference to support the idea that the R57C10 driver is stronger than elaV (line 244-45)?

4\) In the adult specific knock-out, the GMR84B12 control was very arrhythmic, so the level of arrhythmicity in the RNAi cross is not meaningful. It might be best to remove these flies from the table.

5\) Figure 2B, legend. A graph is shown, not an histogram as indicated in the legend.

Reviewer \#3: Kozlov and Nagoshi investigated role of nitric oxide synthase (NOS) in regulation of circadian behavior in Drosophila. First they found mutants lacking NOS have defect in circadian locomotion. The same mutant also showed developmental defect of the key pacemaker neurons. In cultured brains, glial cells exhibited strong DAR4-M signals, dye sensor that become fluorescent after reacting to NO. Together with glia specific knockdown of NOS in adult flies, they concluded that NOS is active in adult brains and is an essential mediator of neuro-glial interaction in circadian system. These findings can be of general interests, but need to be validated with additional control experiments.

Major

1\) In which glial cell type NOS is expressed? Resolution of genetic dissection is insufficient to gain mechanistic insights about interaction between specific type of glia and neurons. Kremer et al., GLIA 2017 (<https://doi.org/10.1002/glia.23115>) reported many driver lines for distinct types of glia. Authors should address which type of glia express NOS by RNA-Seq using these driver lines or FISH experiments. Cite papers if there is any published RNA-seq or quantitative PCR data for supporting NOS expression in glia. Davis et al., reported that there is no NOS expression in glia in the optic lobe (<http://dx.doi.org/10.1101/385476>).

2\) Following (1), validate that NOS proteins express in defined glial cell type by immunohistochemistry, and NOS immunoreactity can be reduced by NOS RNAi knockdown. Antibodies may not distinguish splicing isoform of NOS, but it depends on which splicing isoforms are expressed. Also it is important to examine where in the glial cells NOS localize.

3\) Interpretation of DAR4-M signals requires additional control for distribution of dye itself. Given the architecture of insect brains, DAR4-M needs to pass through glia to penetrate to neuropils. Thus, seemingly glia specific signals of DAR4-M could be because DAR4-M was stuck in glia and did not penetrate inside neuropils. DAR4-M fluorescent signals need to be normalized by local concentration of DAR4-M. After loading DAR4-M, fix brains and exposing them to chemical donor of NO such as NOC-7 to examine loading of DAR4-M.

4\) Page 8, line 200: "The signal was particularly high within and around the central complex and in the optic lobe" Provide more detail anatomical description and images.

5\) Regulski and Tully reported that NOS in Drosophila is calcium/calmodulin dependent (<https://doi.org/10.1073/pnas.92.20.9072>). Thus it is important to consider how NOS could be activated in glia. Is calcium dynamics in cultured brains comparable to that of physiological state? Is it possible that DAR4-M fluorescent signals in glia could be due to NO released from neurons?

6\) If glial NOS is primary source of NO, NOS-RNAi with repo-GAL4 but not 57C10-GAL4 should reduce DAR4-M fluorescent signals in glia.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosgenetics/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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\* Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. \*

Dear Dr Nagoshi,

Thank you very much for submitting a revised version of your Research Article entitled \'Nitric Oxide Mediates Neuro-Glial Interaction that Shapes Drosophila Circadian Behavior\' to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important topic but identified some aspects of the manuscript that should be improved.

We therefore ask you to modify the manuscript according to the review recommendations before we can consider your manuscript for acceptance. Your revisions should address the specific points made by each reviewer.

In addition we ask that you:

1\) Provide a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript. We also ask that you please include a version in which any text that is added or changed is in a different color font. In the current revised version new text was not highlighted, making it harder for reviewers to identify the changes.

2\) Upload a Striking Image with a corresponding caption to accompany your manuscript if one is available (either a new image or an existing one from within your manuscript). If this image is judged to be suitable, it may be featured on our website. Images should ideally be high resolution, eye-catching, single panel square images. For examples, please browse our [archive](http://www.plosgenetics.org/article/browse/volume). If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License. Note: we cannot publish copyrighted images.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we would ask you to let us know the expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments should be included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, you will need to go to the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

Please let us know if you have any questions while making these revisions.

Yours sincerely,

John Ewer

Associate Editor

PLOS Genetics

Gregory Copenhaver

Editor-in-Chief

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: Overall the manuscript has improved as a result of the revision process, despite some of the requested experiments were not carried out. Given that a major claim is that NO plays a crucial role during circuit establishment/refinement, I am puzzled by the fact that the most obvious test to this hypothesis was not performed; that is, to knockdown Nos ONLY during development, combining the PG specific driver or even timGal4 with tubGal80ts, to enable Gal4 activity during that stage. Does this combination also lead to lethality? I would be surprised.

In Figure 6, have the authors described the axonal area employing PDF staining? As mentioned earlier, this is far from ideal since PDF containing DCV not necessarily describe the complexity of the arborizations. Moreover, it has already been established that affecting the clock in Repo+ glial cells impairs circadian remodeling of the sLNv terminals without affecting PDF cycling/levels. In the example included in the figure, controls show smaller differences between the time points analyzed\....

Some use of language still needs to be revised:

line 170\... branching pattern was highly disordered and fuzzy

line 320 \...have an ¨utterly wrong¨ shape

line 324 \...NO produced in the perineurial glia is necessary for proper the functioning

Reviewer \#2: The authors have addressed all my comments. The main conclusions of the paper are now more solidly supported, particularly with the addition of a new null nos allele. The partial loss of rhythmicity is clearly reproducible with multiple alleles. The structural defects in sLNvs are striking, and a role for nos in glia is convincing. However, the connection with E75/UNF was entirely removed from the manuscript, and sLNv structural defects do not explain the loss of rhythmicity. Therefore, the study is quite descriptive in nature, given the absence of a mechanism for the loss of rhythmicity. This said, establishing that NO plays a role in circadian rhythmicity, and that perineurial glia is an important locus of NO production and thus a modulator of the amplitude of circadian rhythms is an innovative and important discovery that will certainly attract the attention of chronobiologist and neuroscientist.

Reviewer \#3: The new data about perineurial glia is valuable addition. However, authors need more direct evidence to support their conclusion "we identify the perineurial glia, one of the two glial subtypes that form the blood-brain barrier, as the major source of NO that regulates circadian locomotor output.". I request either one of two experiments below.

1\) Show a direct evidence that NOS is expressed in perineurial glia by immunohistochemistry, fluorescence in situ hybridization or RNA-seq. Behavioral phenotype with NOS-RNAi isn't a direct evidence of NOS expression.

2\) Show an evidence that DAR4M signals in glia is dependent on NOS in glia. DAR4M signal in glia isn't necessary an outcome of reacting to NO produced in glia, because NO from neurons may diffuse and react to DAR4M loaded in glia. Express GFP and NOS-RNAi/control-RNAi in glia by 85G01-GAL4 and measure reduction of DAR4M signals in perineurial glia.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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\* Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. \*

Dear Dr Nagoshi,

Thank you very much for submitting your re-revised Research Article entitled \'Nitric Oxide Mediates Neuro-Glial Interaction that Shapes Drosophila Circadian Behavior\' to PLOS Genetics. We appreciate the effort you made to revise the manuscript following our suggestions. Before we can press the \"accept\" button we must however ask you to improve Figures 4D (DAR4M panel) and 6A, as the staining pattern is really quite difficult to see. We would suggest you try inverting the color scheme, making these panels black (staining) on white (background). 

In addition we ask that you to upload a Striking Image with a corresponding caption to accompany your manuscript if one is available (either a new image or an existing one from within your manuscript). If this image is judged to be suitable, it may be featured on our website. Images should ideally be high resolution, eye-catching, single panel square images. For examples, please browse our [archive](http://www.plosgenetics.org/article/browse/volume). If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License. Note: we cannot publish copyrighted images.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we would ask you to let us know the expected resubmission date by email to <plosgenetics@plos.org>.

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, you will need to go to the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

Please let us know if you have any questions while making these revisions.

Yours sincerely,

John Ewer

Associate Editor

PLOS Genetics

Gregory P. Copenhaver

Editor-in-Chief

PLOS Genetics
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Dear Dr Nagoshi,

Thank you for making the final revisions to your manuscript; the figures are indeed much improved. As a result, we are pleased to inform you that your manuscript entitled \"Nitric Oxide Mediates Neuro-Glial Interaction that Shapes Drosophila Circadian Behavior\" has now been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.
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